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In this latest article in III-Vs RevieWs characterization series, the spotl ight turns to photoluminescence (PL). 
From qualitative assessment of substrates to quantitative composition mapping of quaternary materials, PL is 
proving a powerful tool in the control of compound semiconductor processes. 
T he maturation of compound 
semiconductor process 
technology and the need for 
high-volume high-yield processes 
has created aneed for process con- 
trol tools similar to the silicon in- 
dustry's operator-based model. As 
discussed in an earlier article (see 
'Uniformity mapping using X-ray 
diffraction', III-Vs Review, Vol 11, 
No 6, 1998, pp. 30-34) these tools 
must satisfy a set of basic needs, in- 
eluding minimal operator interven- 
tion and sufficient measurement 
speed. 
This article will concentrate on 
the use of photoluminescence (PL) 
and PL mapping measurements for 
the control of compound semicon- 
ductor processes. Because PL pro- 
vides information about the 
bandgap of the material, it closely 
matches the assessment require- 
ments of many compound semi- 
conductor processes. 
Measurements of the spectral 
response as a function of probe 
power are beyond the scope of the 
current article. For readers interest- 
ed in these and similar aspects, the 
basics of the PL measurement and 
techniques can be found else- 
where in many texts on lumines- 
cence. 
Substrate screening 
The final device performance in 
many epitaxy processes relies 
heavily on the quality of the start- 
ing material.Thus, substrate screen- 
ing to assess initial damage or 
impurity variations is an important 
quality control tool for minority 
carrier devices. 
A number of groups have at- 
tempted to use integrated PL inten- 
sity as a quantitative measurement 
of substrate quality. Typically this 
measurement is done by filtering 
out the laser beam and collecting 
all other wavelengths emitted by 
the sample, which are passed by 
the detector bandpass filter to the 
detector. This type of screening is 
based on the assumption that the 
controlling factor in the change in 
PL intensity is the defect density of 
the substrate.Thus, areas of low PL 
intensity have more damage than 
areas of high PL intensity. 
Unfortunately, in a real substrate 
the intensity is also affected by 
changes in doping and by the carri- 
er recombination velocity at the 
surface of the substrate. In many 
cases, therefore, the intensity of PL 
from a substrate is dominated by 
the last surface treatment that the 
substrate received and not the sub- 
strate defect density. 
Substrate screening by PL 
should thus be treated as a qualita- 
tive, inspection type of measure- 
ment rather than a quantitative 
measurement technique. For a 
quantitative determination of crys- 
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Figure 1. Reproducibility of measurement of a PLMIO0: (a) wavelength, (b) intensity. 
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Figure 2. The spatial variation of the PL intensity from a device structure. 
of a nucleation growth problem 
caused by temperature variations 
across the substrate surface during 
growth. The numerical effect of 
this inhomogeneity can be seen in 
the large standard deviation of 
over 20%. 
In practice, it is also necessary 
to use an 'exclusion radius' on the 
sample data to maintain statistical 
integrity. The exclusion radius al- 
lows the user to examine the spa- 
tial uniformity within the area used 
for device product ion only. 
Depending on the process this 
may require an edge exclusion of 1 
to 5 ram. In all mapping assess- 
ments of this type it is important 
talline quality, techniques uch as 
high speed X-ray diffractometry 
(XRD) should be used. 
Intensity mapping 
Unlike substrates, the PL intensity 
can be used to quantitatively mea- 
sure the quality of most epitaxial 
layers. Although few device corre- 
lations have been published, PL in- 
tensity is currently used to assess 
detector and laser structures and 
has been successfully used to opti- 
mize channel quality in high elec- 
tron mobility transistor (HEMT) 
devices. In the case of a buried epi- 
taxial layer, interface recombina- 
tion effects also tend to limit 
device performance. 
Due to the nonlinear response 
of the PL intensity with probe and 
sample conditions, the attainment 
of good reproducibil ity of PL inten- 
sity places strict requirements on 
the optical design and choice of 
lasers used to construct the tool. 
Figure 1 shows the results of a re- 
producibil ity test of a Philips 
'PLMIO0' PL mapping system for 
both the emitted wavelength and 
the PL intensity.The sample used in 
this test was a PIN detector struc- 
ture. This test was per formed as a 
series of wafer maps, with the only 
operator intervention being the 
load and unload of the wafer. 
Although past attempts to quantita- 
tively assess epitaxial ayers by PL 
intensity were hampered by the re- 
producibil ity of the measurement 
system, this test demonstrates that 
this is no longer the limiting factor. 
The use of intensity as a quanti- 
tative screen is normally done by 
setting a min imum acceptable val- 
ue for the average of the intensity 
(which decreases as the defect 
density increases) and a max imum 
limit for the standard deviation or 
uniformity. In order to achieve this, 
the probe power  and density must 
be constant, a situation that is bet- 
ter achieved using an active, pow- 
er-controlled laser source. Also, 
because the PL intensity is sensi- 
tive to the sample temperature, 
precise measurements may need 
temperature control led sample 
holders. Figure 2 shows the spatial 
variation of PL intensity at 925 nm 
for an emitting structure.The large 
variation in intensity was the resuR 
to keep the measurement  and 
analysis parameters the same from 
run to run. A simple change of 
varying the exclusion radius can 
have a significant impact on the 
measurement  of uniformity (Table 
1). Here we have analysed the data 
from Figure 2 at various exclusion 
radii. Note the improvement  in the 
uniformity, from 23% to 20%, as we 
exclude more and more of the 
edge area. For many processes, 
however, the uniformity near the 
edge of the wafer is the determin- 
ing factor in device yield. 
High-resolution spatial maps of 
PL integrated intensity can also be 
used as a sensitive tool for imaging 
the electrical effects of defects in 
epitaxial layers. Figure 3 shows a 
high-resolution spatial map of a 
pair of oval defects in an AIGaAs 
epitaxial layer. These measure- 
ments were made using an 
'SPM210' equipped with high-reso- 
lution optics. Under these condi- 
Table 1. The effect of exclusion radius on statistical results 
Edge exclusion Average 
(mm)  intensity 
Sigma Uniformity 
(%) 
0 816 193 23.6 
1 816 191 23.4 
2 810 182 22.4 
3 804 175 21.7 
4 801 170 21.2 
5 802 163 20.3 
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Figure 3. A high resolution PL map of a pair of oval defects. 
Figure 4. A high resolution cross-section map of an AIGaAs device. 
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Figure 5. A typical PL spectrum emitted from a multilayer structure showing the parameters 
normally derived from the measurement. 
tions, the spatial resolution of the 
data is 0.5 pro. The changes in PL 
intensity are caused by local 
changes in defect density. It is in- 
teresting to note that PL is one of 
the few techniques whose contrast 
and signal intensity improve with 
material quality: the better the epi- 
taxial layer, the easier it is to see 
the effects of small defect struc- 
tures. 
Similar imaging techniques can 
be applied to cross-sectional PL in- 
tensity measurements. Figure 4 
shows the variation in PL intensity 
for the cross-section of a visible 
wavelength device structure. 
Significant effects on the lumines- 
cence efficiency from a localized 
defect can be clearly seen in the 
intensity map. Measurements of 
this type can give efficient indica- 
tion of localized growth or strain 
problems. This type of measure- 
ment should be regarded only as 
an inspection (qualitative) type 
screen. 
Spectral mapping 
The most familiar quantitative use 
of PL is the measurement of emis- 
sion spectra, that is, the measure- 
ment of intensity of PL emitted 
from a sample as a function of 
wavelength (Figure 5). There are 
four basic parameters that can easi- 
ly be extracted from this data: the 
peak wavelength, the peak intensi- 
ty, the full width at halt" maximum 
(FWHM) and the upper wave- 
length at which the PL has 
dropped to half the peak intensity. 
Care should be taken in the 
choice of algorithm for measuring 
the peak wavelength. Algorithms 
typically used in the industry vary 
depending on the company and 
the nature of the sample. The sim- 
plest algorithm chooses the wave- 
length at which the intensity is a 
maximum. Although widely used, 
this is more sensitive to measure- 
ment noise than algorithms that 
use the midpoint of the wave- 
length between two arbitrary in- 
tensity levels. Often midpoint 90% 
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or midpoint 85% algorithms are 
used for LED structures. Even more 
advanced algorithms uch as peak 
modelling or peak fitting are used 
with variable results depending on 
whether the material system is 
ternary or binary. Whatever algo- 
rithm is used, it must be used con- 
sistently, as applying different 
algorithms to the same sample data 
set gives a noticeable shift in peak 
wavelength (Table 2). In general, 
the more sophisticated the algo- 
rithm the more sensitive it is to 
measurement conditions and sys- 
tem noise. This is particularly true 
of algorithms using numerical de- 
rivatives to mark the peak or in- 
flection point. 
The physical processes control- 
ling these four basic parameters 
are not the same. The spatial 
changes in Figure 6 are the result 
of mapping a quaternary layer and 
extracting the four basic PL para- 
meters. With the advent of diode 
array detectors, these maps, which 
used to take a few hours to pro- 
duce, can now be done in a few 
minutes. Statistically, as long as 
more than 150 spatial points are 
sampled the uniformity and stan- 
dard deviation are valid numbers. 
The patterns seen in the peak in- 
tensity (Figure 6a), peak wave- 
length (6b) and FWHM (6c) are 
quite different indicating that the 
spatial variation in each of these 
parameters is caused by different 
physical phenomena. The peak in- 
tensity pattern is controlled by the 
defect density of the layer and is re- 
lated to the substrate and the par- 
ticular cleaning procedure used for 
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Figure 6. The spatial variation for a detector structure of (a) peak intensity, (b) peak wave- 
length, (c) FWHM and (d) upper wavelength. 
this growth. The peak wavelength 
variation, in contrast, is caused by 
changes in the gas composition in 
the MOCVD reactor and small vari- 
ations in the surface temperature 
of the wafer during growth. The 
FWHM pattern is measuring the 
homogeneity within the sampled 
area and is related to mixing and al- 
loying effects. 
Thus, the one spatial-spectral 
measurement provides three quite 
different pieces of control intorma- 
tion for the process. The actual 
control window that is used as the 
acceptable range for these values 
varies according to the type of de- 
vice being produced. For example, 
the acceptable wavelength varia- 
tion for wafers to be used li)r 980 
nm pump lasers is an order of mag- 
nitude smaller than that for wafers 
used for optical detectors. In gen- 
Table 2. The variation of peak wavelength with analysis algorithm 
Wavelength (nm) 
990.0 
989.0 
987.9 
986.6 
984.9 
983.1 
Mgorithm 
Maximum intensity (no smoothing) 
Maximum intensity (smoothing of 5) 
Midpoint of 95% 
Midpoint of 90% 
Midpoint of 85% 
Midpoint of 80% 
eral  one  uses  a measurement  cr i te-  
r ion  of (i) average wavelength 
within a set window, and (ii) an up- 
per bound on the standard devia- 
tion for the unifi)rmitv 
measurement. 
It is essential to realize that t~ 
provide reproducible wavelength 
measurements, the probe power. 
probe wavelength, power density 
and sample temperature need t~ 
be maintained to better than 1%. 
(;nder these closely controlled cir- 
cumstances, reproducibility ~1 
wavelength similar to that shown 
in Figure lb is achievable. It is not 
uncommon to see sample PL wave- 
lengths shift by as much as 0.~ nm 
for each degree of room tempera- 
ture change. 
Composition 
mapping 
For a ternary material, the PI. can 
be used to provide a measurement 
of the bandgap energy of the mate- 
rial and thus calculate the sample 
composition. Like most techniques 
of this type, this results in a high 
precision (one can see small 
changes), low accuracy (depend- 
ing on the correlation used) mea- 
surement technique. 
The calibrations relating tq 
wavelength to composition range 
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Figure 7. Spatial uniformity of the Ga content of an InGaP epitaxial layer grown on GaAs. 
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Figure 8. The spatial uniformity of quaternary composition from PL and X-ray data. 
from the simple 'Vegard's Law' ap- 
proximations (the wavelength is 
linear with composit ion change) 
to more sophisticated models that 
take into account the changes of 
bandgap energy occurring with 
strain and temperature. Figure 7 
shows the spatial variation of galli- 
um composit ion for an InGaP cpi- 
taxial layer deposited on GaAs.This 
particular map was generated us- 
ing one of the common calibra- 
tions published in the literature. 111 
this case, the spatial variation of 
the gallium concentration is due to 
small changes in the surface tem- 
perature, which are known to af- 
fect the rate equations governing 
the MOCVD growth. For this sam- 
ple each colour change represents 
a 0.4% change in composition. 
For a quaternary material, twx) 
independent pieces of information 
are needed to identify the compo- 
sition. Typically these are PL emis- 
sion wavelength (giving the 
bandgap) and XRD rocking curves 
(giving the lattice constant). Figure 
8 shows the result of taking the Pl_ 
wavelength map (8a) and the XRD 
peak separation map (Sb) and 
combining the two pieces of int'or- 
mation to give the composit ion of 
one of the quaternary elements 
(8c). The combination of these 
techniques can be a powertid con- 
trol method to provide the user 
with information that can be used 
to control and optimize the cpitax- 
ial growth process. 
This article has discussed some 
of the basic methods that use PL t~ 
measure the unitbrmity of epitaxial 
layers and structures.All of the data 
discussed in this article were gen- 
erated using constant probe power 
measurements on Philips PL map- 
ping systems.When one varies the 
incident probe power within PI. 
measurements, a whole new area 
of device characterization is un-  
locked .  These types of measure- 
ments and the use of optical 
reflectometry for film thickness 
will be discussed in a later article 
in this series. 
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